Abstract Type 2 diabetes is a typical multifactorial disease, but the causes can largely be divided into genetic and environmental factors. In recent years, focus has shifted to the interaction between these factors (i.e., gene-environment interactions). It has become widely known that changes in the intrauterine environment such as intrauterine growth restriction result in gene expression changes in various tissues, which ultimately lead to the onset of diabetes. Epigenetic modification is considered to be a particularly important mechanism in these effects, as it is easily affected by environmental changes that occur during the fetal and neonatal periods. Moreover, recent reports have revealed that epigenetic modifications are passed down through generations. Although genome-wide association studies have identified many type 2 diabetes susceptibility genes, these genes do not pose a significantly high risk when isolated as single factors. In particular, it has been suggested that the interaction of the FTO or KCNQ1 genes with environmental factors increases the incidence of diabetes. These findings suggest that detailed analyses of individual gene-environment interactions hold promise for gaining new insight into the mechanisms and risk factors contributing to type 2 diabetes, with application to personalized diagnoses and treatments. We look forward to future developments in this regard.
Introduction
The number of type 2 diabetic patients has increased rapidly worldwide in recent decades. As of 2015, there were more than 400 million affected people, and this figure is estimated to reach 600 million by 2040 [1] . In particular, the western Pacific region, which includes East Asia, has seen an explosive increase in diabetic patients. This pattern is generally attributed to dietary changes and decreases in physical activity after World War II. It has been suggested that East Asians have an inherent weakness in insulin secretion when compared to Western populations, and are therefore considered to be genetically prone to pancreatic b-cell dysfunction.
To date, studies using pancreatic b-cell-specific genetically modified mice have revealed various insights into the importance of insulin signaling in pancreatic b-cells. Our group has demonstrated that when phosphoinositide-dependent kinase-1 (PDK1), a component of insulin signaling, is deficient in the pancreatic b-cells of mice, the pancreatic b-cell mass declines markedly, resulting in significant hyperglycemia [2] . In addition, we have reported that mice deficient in tuberous sclerosis complex 2 (TSC2) protein, which acts further downstream in the insulin signaling pathway, exhibit hyperinsulinemia in adolescence due to an increase in pancreatic b-cell mass, whereas degradation of insulin signaling occurs in older age due to autophagy obstruction or negative feedback, leading to hyperglycemia accompanied by the reduction in pancreatic b-cell mass [3] [4] [5] .
In most laboratories around the world, including our own, diabetes research is focused on studies using genetically modified mice. These studies have uncovered the numerous important roles that different genes play in the onset and progression of type 2 diabetes; nevertheless, it is well known that type 2 diabetes is a multifactorial disorder. It is extremely rare that the disease develops from a single gene abnormality, such as in the case of maturity onset diabetes of the young; instead, it is generally believed that a combination of genetic and environmental factors contributes to the onset of the disease. The rapid rise of type 2 diabetes patients in East Asia is undoubtedly caused by the dual presence of inherent genetic factors and recent environmental changes.
Moreover, it has been recently suggested that not only the additive effects but also synergistic effects of genetic and environmental factors play important roles in disease onset (Fig. 1) . In other words, type 2 diabetes is suggested to be more prone to develop through the influence of certain environmental factors on genetic factors than based on the presence of genetic risk factors alone. We expect that further detailed exploration of these gene-environment interactions will lead to a better understanding of the underlying mechanisms contributing to the disease, allowing improvements in the individualization of diet and exercise therapy. Thus, in this review, we present an overview of the gene-environment interactions in type 2 diabetes as revealed from prior studies and data from our own experiments.
Phenotypic variations among mouse strains and human ethnicities
As the first example to help illustrate the effects of geneenvironment interactions in type 2 diabetes, we will focus on the influence of diet treatments in mouse strains with different genetic backgrounds. Currently, the C57BL/6J mouse strain is the most common model used in experiments on type 2 diabetes and obesity. This model is particularly useful given that C57BL/6J mice are prone to expressing specific phenotypes through induction of a highfat diet, including obesity. Specifically, C57BL/6J mice do not become obese when raised on a normal chow diet, but exhibit hyperglycemia, hyperinsulinemia, and hyperleptinemia when raised on a high-fat diet [6] [7] [8] . Furthermore, the 129/Sv and A/J mice strains are less likely to become obese or diabetic on a high-fat diet [9] . When both C57BL/6J and 129/Sv mice were simultaneously fed a high-fat diet, the 129/Sv mice showed an accelerated rate of thermogenesis and difficulty in displaying insulin resistance. When further comparing the genetic differences between the two strains through a genome-wide scan, a significant difference was revealed in the locus located on chromosome 14, which is associated with insulin resistance [10] . Therefore, we consider that such genetic differences yielded phenotypic differences only under a high-fat diet.
A similar phenomenon has also been observed in humans. Various differences exist between East Asians and Caucasians, such as in the tendency to become obese,
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Onset of T2DM energy consumption levels, insulin resistance, and insulin secretion [11] [12] [13] . More recently, it has been shown that the regulation of pancreatic b-cells varies among different ethnic groups. Saisho et al. [14] compared the pancreatic bcell mass between lean and obese groups in healthy Caucasian subjects and found that the obese group had a significant increase in pancreatic b-cells. This effect was considered to be due to a compensatory mechanism for insulin resistance. However, when conducting the same analysis in healthy Japanese subjects, they did not find a similar increase in pancreatic b-cells in the obese group, which actually showed a slight decreased tendency [15] . These results indicate that the compensatory mechanisms of pancreatic b-cells under conditions of insulin resistance such as obesity differ between Japanese and Caucasian subjects. Therefore, it appears that phenotypes can vary according to intrinsic genetic factors despite similar eating habits.
Development origins of health and disease
In 1986, Barker et al. [16] proposed the theory that a low nutritional status during the fetal period is a risk factor for the subsequent development of ischemic heart disease and diabetes in adulthood (Barker hypothesis). This hypothesis is also referred to as the development origins of health and disease, and implies that the environmental conditions during the fetal and neonatal periods have a substantial influence on the future onset of lifestyle-related diseases. It has been reported that children born to mothers who experienced the Dutch famine (''Hunger winter'') during the latter part of World War II exhibited high blood pressure, obesity, and impaired glucose tolerance based on an epidemiological analysis conducted 50 years later [17] . In addition, the mechanisms contributing to this phenomenon are becoming clearer through the use of model animals. Yura et al. [18] established intrauterine growth retardation (IUGR) mice with ligated uterine arteries as an animal model to replicate a low-nutrition condition during the fetal period. Although the IUGR mice were born with a lower body weight compared to control mice, they subsequently underwent a rapid weight increase, thereby eliminating the difference from control mice (catch-up growth). Nevertheless, when a high-fat diet was given to both groups after maturity, the IUGR mice exhibited significant obesity and an impaired glucose tolerance [18] . This is believed to be caused by a ''neonatal leptin surge,'' when the blood leptin concentration increases in IUGR mice during the neonatal period. This neonatal leptin surge is considered to have contributed to the development of subsequent high-fat diet-induced obesity by causing leptin resistance.
Other reports have confirmed this association between catch-up growth and future obesity in both mice and humans [19, 20] , which is now considered to be a very important phenomenon in the development of lifestyle-related diseases. In our lab, we have revealed that during the catch-up growth period, pancreatic b-cells also undergo a catch-up growth phenomenon, similar to the rest of the body, and we suggested the importance of insulin signaling as the primary mechanism [21] . Another study showed that vitamin B12 deficiency in the mother during pregnancy results in the production of offspring with a greater tendency for insulin resistance in adulthood [22] . In addition, providing a low-protein diet to pregnant rats also resulted in insulin resistance in the offspring due to the decline in protein kinase C-zeta expression in the muscles [23, 24] .
Recently, excessive lipid intake has been identified as a public health problem in Japan. It was recently reported that offspring of monkeys in which the mothers were fed a high-fat diet showed an increase in the expression of gluconeogenic enzymes and transcription factors in the liver, and consequently exhibited non-alcoholic fatty liver disease [25] . More interestingly, experiments using rats revealed that the female offspring of fathers that were fed a high-fat diet demonstrated pancreatic b-cell dysfunction and impaired glucose tolerance [26] . Moreover, the female offspring from high-fat diet-fed fathers showed changes in the expression of 642 genes in the pancreatic islets when compared to the control group. These changes are considered to have caused pancreatic b-cell dysfunction.
Collectively, the results of the experiments describe above clearly demonstrate an influence of the environmental conditions during the fetal and neonatal periods on genetic factors that lead to type 2 diabetes and obesity. The most important and notable molecular mechanism driving these effects appears to be epigenetics.
Epigenetics
Epigenetics has been recognized as a key molecular mechanism contributing to a variety of diseases, including metabolic diseases, and researchers worldwide are actively engaged in understanding these mechanisms. Epigenetics is defined as a mechanism by which gene expression is influenced through DNA and histone modification without a change in the nucleotide sequence. Since changes in the environment affect gene expression, no discussion on gene-environment interactions can be complete without considering epigenetics. In particular, it is believed that intrauterine environmental changes are more likely to influence epigenetic modification. Indeed, the nutritional status of the fetal period has been found to be recorded in Gene-environment interaction in type 2 diabetes 9 the tissue (i.e., metabolic memory), which can ultimately influence the future onset of disease. Park et al. [27] established IUGR rats through uterine artery ligation and reported that these rats exhibited pancreatic b-cell dysfunction. Analysis of potential epigenetic modifications of the pancreatic islets of these IUGR rats revealed an increase in DNA methylation and changes in histone modifications in the promoter region of the pancreatic and duodenal homeobox 1 (Pdx1), and the expression levels of Pdx1 decreased. In addition, another study showed that rat offspring born to mothers that were fed a low-protein diet during pregnancy developed type 2 diabetes in adulthood, and showed a decline in the expression of hepatocyte nuclear factor 4-alpha (HNF4a) in the pancreatic islets, which was due to inhibition of the promoterenhancer interaction at the Hnf4a gene [28] . Moreover, in humans, analysis of the cord blood stem cells from neonates with IUGR demonstrated changes in DNA methylation in a number of genes, including HNF4a [29] . The authors predicted that, regardless of the species and tissue, IUGR significantly affects the expression levels of these transcription factors.
Studies have also been carried out on the effects of IUGR on other insulin target organs. For example, in the skeletal muscle of IUGR rats, the histone modification of the glucose transporter type 4 (Glut4) gene promoter was found to be changed in the direction toward transcriptional repression, contributing to the decreased expression of Glut4 [30] . In addition, Ehara et al. [31] demonstrated that the expression level of the fatty acid synthase GPAT1 in the mouse liver is controlled by DNA methylation in the promoter of the gene. More interestingly, the influence of IUGR on the expression of lipogenic genes in the liver of male offspring (F1 mice) could be passed on to the next generation (F2 mice), with observed changes in the expression level of the liver X receptor alpha (Lxra) gene and DNA methylation in the genetic region [32] . The fact that IUGR can affect not only the first generation but also the second generation suggests a large impact of environmental influence, which implies that the effects of WWII might linger in contemporary populations.
Gene-environment interactions of the fat mass and obesity-associated gene (FTO), a type 2 diabetes susceptibility gene
In recent years, genome-wide association studies (GWAS) have identified many types of type 2 diabetes susceptibility genes, including FTO, which was reported in 2007 [33] . Although the majority of the genes identified through this GWAS were those involved in insulin secretion, the FTO gene was identified as a molecule that is strongly related to obesity [33] . Subsequently, in 2008, it was discovered that harboring the risk allele in the FTO gene could impact the eating habits of children. Specifically, subjects with a single nucleotide polymorphism in the FTO gene tended to consume more greasy, high-calorie meals compared to those with the control group [34] . In addition, recent reports have shown that the relationship between the FTO variant and body mass index becomes stronger with increasing sodium intake [35] . The specific molecular mechanism by which the FTO variant causes obesity had remained unclear. Recent studies revealed that the FTO variant induces a shift from brown fat cells to white fat cells through the increased expression of Iroquois homeobox protein 3 (IRX3), causing fat accumulation [36, 37] . However, the mechanism by which the FTO variant influences food preference is not yet elucidated. These emerging patterns of the influence of genetic factors on environmental factors are very interesting, and we await future research to decipher the specific underlying mechanisms.
Interrelationship between type 2 diabetes susceptibility gene mutations and high-fat diets
Finally, we would like to introduce the insight gained in our recent analyses of the gene-environment interactions of type 2 diabetes. In 2008, the potassium voltage-gated channel subfamily Q member 1 (KCNQ1) gene was identified as a type 2 diabetes susceptibility gene through a large-scale single nucleotide polymorphism analysis targeting Japanese type 2 diabetes patients [38, 39] . Subsequent reports from facilities all over the world confirmed the association between the mutation in the KCNQ1 gene and a decrease in insulin secretion [40] [41] [42] , but there is insufficient information to link this mechanism to the onset of diabetes. We recently reported that, in mice, the decreased expression of the non-coding RNA Kcnq1ot1, expressed within the Kcnq1 genetic region, triggers the enhanced expression of cyclin-dependent kinase inhibitor 1C (Cdkn1c) through epigenetic modification, and causes the decrease in pancreatic b-cell mass [43] . The Kcnq1 gene is an imprinted gene, and Kcnq1ot1 expression was found to be reduced in the pancreatic b-cells of mice only when the Kcnq1 genetic mutation is inherited from the father. As a result, when Cdkn1c expression is enhanced, the number of pancreatic b-cells decreases. These results may partially clarify the onset mechanism of type 2 diabetes caused by the KCNQ1 genetic mutation. However, the odds ratio of the onset risk due to the KCNQ1 genetic mutation is only about 1.4, indicating that type 2 diabetes does not develop solely from the genetic mutation. Therefore, we focused on the fact that there is a CCAAT sequence in the Cdkn1c promoter region. This CCAAT sequence serves as a binding site for the C/EBP family of transcription factors, and therefore we hypothesized that the binding of C/EBP may further enhance the expression of Cdkn1c. Previously, we found that the expression of C/EBPb was enhanced in the pancreatic islets of db/db mice, a diabetic mouse model, and that pancreatic b-cells became vulnerable to endoplasmic reticulum stress due to the accumulated C/EBPb, contributing to pancreatic b-cell dysfunction [44] . In addition, recent studies have confirmed that C/EBPb also accumulates in the pancreatic islets of mice loaded with a high-fat diet. The accumulation of C/EBPb from a high-fat diet increases the possibility of pancreatic b-cell dysfunction induced by the enhanced expression of Cdkn1c in addition to endoplasmic reticulum stress, and is considered to be a factor that greatly influences type 2 diabetes onset risk.
Thus, we examined the influences of the accumulation of C/EBPb in pancreatic b-cells under the state of reduced Kcnq1ot1 expression. A significant increase in fed blood glucose levels and a decrease in serum insulin levels were observed in the mice with decreased Kcnq1ot1 expression and overexpression of C/EBPb in the pancreatic b-cells in comparison to the control group, which was accompanied by a significant decrease in pancreatic b-cell mass. Moreover, Cdkn1c expression levels in the pancreatic islets were significantly elevated, confirming enhancement of Cdkn1c expression in pancreatic b-cells as the underlying mechanism for these effects. This is in turn presumed to be due to the decrease in Kcnq1ot1 expression, which causes changes in epigenetic modifications such as loosening of the chromatin structure, enabling C/EBPb to more easily bind to the Cdkn1c promoter (Fig. 2) . Further, even when mice with decreased Kcnq1ot1 expression were loaded with a high-fat diet, significant enhancement in the expression levels of C/EBPb and Cdkn1c was observed in the pancreatic islets, as well as the suppression of the increase in pancreatic b-cells. These findings verified that the synergistic effect of genetic factors (Kcnq1 genetic mutation) and environmental factors (C/EBPb accumulation) can induce notable pancreatic b-cell dysfunction.
Conclusion
The explosive worldwide increase in the number of type 2 diabetes patients in recent years can largely be attributed to changes in the environment given that there have been no significant or consistent changes in genetic factors. However, changes in environmental factors are likely to have an impact on genetic factors. In the present review, we presented evidence for the relationship between IUGR and type 2 diabetes susceptibility genes. However, it is believed that such gene-environment interactions apply universally to the modern-day pathology of type 2 diabetes patients. Therefore, further detailed analyses of this gene-environment interaction should provide clues for individualized medicine. We look forward to further progress in this field in the future.
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